The mammalian brain describes a multiscale system. At the microscale, axonal, dendritic, and synaptic elements ensure neuron-to-neuron communication, and at the macroscale, large-scale projections form the anatomical wiring for communication between cortical areas. Although it is clear that both levels of neural organization play a crucial role in brain functioning, their interaction is not extensively studied. Connectome studies of the mammalian brain in cat, macaque, and human have recently shown that regions with larger and more complex pyramidal cells to have more macroscale corticocortical connections. In this study, we aimed to further validate these crossscale findings in the human, mouse, and rat brain. We combined neuron reconstructions from the NeuroMorpho.org neuroarchitecture database with macroscale connectivity data derived from connectome mapping by means of tract-tracing (rat, mouse) and in vivo diffusion magnetic resonance imaging (human). Across these three mammalian species, we show cortical variation in neural organization to be associated with features of macroscale connectivity, with cortical variation in neuronal complexity explaining significant proportions of cortical variation in the number of white matter projections of cortical areas. Our findings converge on the notion of a relationship between features of micro-and macroscale neural connectivity to form a central aspect of mammalian neural architecture.
Introduction
C onnectome studies of the mammalian brain in cat, macaque, and human have shown that regional variation in microscale structural type (Beul et al., 2015) and layer III pyramidal cell complexity van den Heuvel et al., 2015c) relates to macroscale projection patterns, with regions with larger and more complex pyramidal cells having more macroscale corticocortical connections. In this study, we aimed to further investigate this relationship in the human brain, as well as to extend the observed micromacro relationship of neural connectivity organization to the smaller rodent brain.
Cytoarchitectonic variation is one of the cornerstones of mammalian cortex organization. Detailed cortical mappings of early 20th century anatomy pioneers such as Korbinian Brodmann (Brodmann, 1909) , Alfred Campbell (Campbell, 1905) , Earl Walker (Walker, 1940) , Gerhardt Von Bonin (von Bonin and Bailey, 1947) , and Constantin Von Economo and George Koskinas (von Economo and Koskinas, 1925) showed a rich and diverse cytoarchitecture of the cortical mantles of mammalian species. Their observations of a profuse variety of cytoarchitectonics across cortical areas led to theories of variation in neuron morphology and complexity across the cortex to play a crucial role in the physiological properties of cortical areas (Mesulam, 1998) .
Studies of macaque and human cortex have shown a posterior to anterior gradient in cortical pyramidal complexity, with frontal association areas noted to display larger more branched and more spinous pyramidal neurons as compared with unimodal primary motor, visual, and/or auditory cortex (Elston, 2003; Jacobs et al., 2001 ) and have accordingly led to the suggestion of frontal regions to be involved in more complex neural processing (Elston, 2003) . This posterior-anterior gradient in neuron size has since been reported in many different primate and rodent species (Charvet et al., 2015) , showing an increasingly strong gradient with larger brain volume (Finlay and Uchiyama, 2015) , a measure related to a species' capacity for cognitive processing (MacLean et al., 2014) .
Network studies of the mammalian brain including human (Hagmann et al., 2008) , cat (de Reus and van den Heuvel, 2013b; Scannell et al., 1995) , macaque (Goulas et al., 2014; Harriger et al., 2012) , rat (Bota et al., 2015; van den Heuvel et al., 2015d) , and mouse (Oh et al., 2014; Rubinov et al., 2015; neural wiring have further shown an overall cost-efficient architecture of the connectome, combining cost-effective local communities with the formation of relatively expensive short communication relays and densely connected hub regions (Bullmore and Sporns, 2009; van den Heuvel and Sporns, 2013b; van den Heuvel et al., 2016a) .
High-degree hub regions, in particular, have been noted as expensive attributes of brain network architecture, with their relatively long connections , their distinct geometric embedding in the network (Roberts et al., 2016; van den Heuvel and Sporns, 2013a) , their cytoarchitecture (Beul et al., 2015; Scholtens et al., 2014) , their high metabolic demand (Bullmore and Sporns, 2012; Collin et al., 2013; Vaishnavi et al., 2010) , and corresponding gene expression profile (Fulcher and Fornito, 2016) . Potentially offsetting this high cost, the formation of highly connected hub regions has been argued to form the anatomical infrastructure for global neural communication and integration (Tomasi and Volkow, 2011; van den Heuvel and Sporns, 2013a; Zamora-López et al., 2010 and to make an important contribution to high order brain function and behavior in humans (Adelstein et al., 2011; Li et al., 2009; Park and Friston, 2013; Pessoa, 2012; Shanahan, 2012; van den Heuvel et al., 2009) . Species adaptations in brain connectivity organization have, therefore, been hypothesized to reflect adaptations in cognition and behavior (Hopkins and Rilling, 2000; Rilling and Insel, 1999; van den Heuvel et al., 2016a) .
It is thus evident that properties at both the microscale and macroscale levels of mammalian cortex organization play a critical role in brain function. Recent studies have argued for a potential interplay between these two organizational scales (Beul and Hilgetag, 2017; Beul et al., 2015; Hilgetag and Grant, 2010; Scholtens et al., 2014; van den Heuvel et al., 2015c van den Heuvel et al., , 2016b . Cortical structural type and supragranular structure have been hypothesized to form an important factor for the formation of interareal projections (Barbas, 2015; Barbas and Rempel-Clower, 1997; Felleman and Van Essen, 1991; Hilgetag and Grant, 2010; Pandya and Sanides, 1973; Scannell et al., 1995) , theories supported by recent observations in the rat, cat, and macaque showing cortical structural type to shape macroscale connectivity (Beul and Hilgetag, 2017; Beul et al., 2015; Goulas et al., 2017) . In further support of a microscale-macroscale interaction, microscale layer 3 pyramidal complexity has been linked to the number of white matter corticocortical projections of various regions in the macaque and human cortex (van den Heuvel et al., 2015c) .
In this study, we further explore a possible micro-macro relationship in the mammalian brain by further validation of this phenomenon in the human brain and by expanding investigations to the mouse and rat rodent brain. Recent technological advances have enabled spatially highly detailed tract-tracing mappings of the mouse (Oh et al., 2014 ) and rat connectome (Bota and Swanson, 2007; Bota et al., 2012 Bota et al., , 2015 . In particular, this tract-tracing data enables incorporation of information regarding directionality in the brain network, reported to be essential in shaping the brain network (Kale et al., 2018) . In addition, high-resolution in vivo neuroimaging data of the Human Connectome Project (Van Essen et al., 2013) allow for detailed connectome reconstructions of human macroscale brain wiring. This, combined with important undertakings in large-scale collation of detailed neuron morphology data across published studies such as in the NeuroMorpho.org database (Ascoli, 1999) , allows for a further exploration of a micro-to-macro relationship in neural connectivity organization across mammalian species. Combining detailed connectome mappings with data on pyramidal neuroarchitecture in the human and rodent brain, we show cross-species consistency of a multiscale relationship between microscale pyramidal neuron complexity and macroscale corticocortical connectivity levels, providing converging evidence of architectural aspects of microscale and macroscale connectivity in the mammalian brain to be related.
Materials and Methods

Microscale neuronal data
Data on neuron morphology from the human, rat, and mouse cortex were extracted from the comprehensive NeuroMorpho.org (http://NeuroMorpho.org, version 6.1) database (Ascoli, 1999) and curated by Ascoli and coworkers (Ascoli, 2006; Ascoli et al., 2001a Ascoli et al., , 2001b . The NeuroMorpho.org database includes a collection of a large number of individual neuron reconstructions as grouped together across multiple experiments presented in the literature. The database includes standardized digital reconstructions of the original reported reconstructed neurons from which (as provided at NeuroMorpho.org) morphological properties can be derived (Ascoli et al., 2001a (Ascoli et al., , 2001b , as well as detailed meta information on the original literature source, staining procedures, and the examined cortical areas and layers. In our study, data from healthy control individuals of experiments examining adult human, rat, and mouse cortical areas were extracted. To exclude effects resulting from differences in reconstruction methods, neuron reconstructions made using Neurolucida software were included for analysis.
Based on consistent micro-macro associations reported in previous work on micro-macro associations in the macaque and human cerebral cortex (van den Heuvel et al., 2016b) , total neuron length, number of dendritic branches, and soma surface were selected as main properties of examination for correlation analysis in all three included species. Other cytoarchitectonic properties included metrics of total neuron volume, total neuron surface, number of stems, number of bifurcations, overall width, overall height, overall depth, average diameter, max path distance, and max branch order. Summary statistics for all microscale measures are shown in Supplementary Figures S1-S3 (Supplementary Data are available online at www.liebertpub.com/brain). a total of 1916 neuron reconstructions across 10 cortical areas, all from the left hemisphere. Information on neuronal cytoarchitectonic properties (3 primary and 10 secondary properties) was extracted from these recordings, and averaged for each cortical area. Next, the reported regions were manually mapped to a 2 · 57 regions subdivision of the DesikanKilliany cortical atlas of the FreeSurfer software suite (Cammoun et al., 2012; Desikan et al., 2006; Fischl and Dale, 2000; Scholtens et al., 2015; van den Heuvel et al., 2015c ) (DK-57, describing 57 distinct cortical areas per hemisphere) for comparison with macroscale connectivity (Fig. 1A shows the mapping of the included cortical regions). Supplementary Table S1 describes the data of the individual experiments, their original reported cortical site, and their mapping to regions of the DK-57 cortical atlas. This resulted in morphological data of in total 10 areas of the human cortex (mean/SD: 185/147 [range: 70-594] recordings of neuron metrics per cortical area were present in the database), including left hemispheric subareas of lateral occipital, pars opercularis, postcentral, precentral, rostral middle frontal, superior frontal (two subareas), superior temporal, supramarginal, and insular cortex. Regions and their mappings are shown in Figure 1A and listed in Supplementary Table S1 .
FIG. 1. (A)
Cortical areas reported in the NeuroMorpho.org data mapped to regions of the adopted human (DK-57 atlas), rat [Swanson atlas (Swanson, 1992) ], and mouse (Allen Mouse Brain Atlas) brain atlases. Figures highlight the regions for which neuronal morphological data could be extracted from the NeuroMorpho.org database, approximate location of medial regions depicted with a dotted outline. From left to right: human, rat, and mouse data. Included regions in the rat are AId, rostral agranular insular cortex; AON, anterior olfactory nucleus; AUDp, primary auditory cortex; CA1 and CA2 of the hippocampus; MOp, primary motor cortex; MOs, secondary motor cortex; peri, perirhinal cortex; PL, prelimbic cortex; SSp, primary sensory cortex. Included mouse regions are AON, anterior olfactory nucleus; BLA, basolateral amygdala, CA1 and CA3 of the hippocampus; MOs, secondary motor cortex; SSP-bfd, barrel field of the primary sensory cortex; VISp, primary visual cortex. (B) Extracted connectivity matrices of the human [as derived from in vivo DWI data from the Human Connectome Project (Van Essen et al., 2013) ], rat [as derived from the BAMS-II rat connectome database (Bota and Swanson, 2007) ], and mouse [as derived from the Allen Mouse Brain Connectivity Atlas (Oh et al., 2014) ] connectome. DWI, diffusion weighted imaging. Color images available online at www.liebertpub.com/brain human extraction, data (now including data from both left and right hemispheres) were collected from the Neuro Morpho.org reconstructions and averaged for each cortical area included in the unihemispheric connectome data. Regions included areas AId (rostral agranular insular cortex); AON (anterior olfactory nucleus); AUDp (primary auditory cortex); CA1 and CA2 of the hippocampus; MOp (primary motor cortex); MOs (secondary motor cortex); peri (perirhinal cortex); PL (prelimbic cortex); and SSp (primary sensory cortex) (mean/SD: 83/97 [range: 1-283] recordings per cortical area) (Fig. 1) . Using the detailed Swanson rat cortical atlas (Swanson, 1992) , these sites were manually mapped to regions of which macroscale connectivity was available in the highly detailed collated mesoscale BAMS-II rat cortical connectome map as presented by Swanson and coworkers (Bota et al., 2015) (see Mouse Connectome section). Supplementary Table S2 lists the individual source publications, their original reported cortical site in the rat cortex, and their mapping to regions of the Swanson rat brain atlas.
Mouse neuron morphology. NeuroMorpho.org extraction on the mouse brain included experiments using Golgi, Golgi-Cox, and rapid-Golgi staining procedures, and described a total of 408 neuron recordings across seven brain areas. Similar to the human and rat data set, morphological data of the reconstructed neurons in the database were extracted, mapped to the unihemispheric connectome, and values subsequently averaged across cortical areas. Using the Allen Mouse Brain Atlas (http://mouse.brain-map.org), these cortical areas were manually mapped to cortical areas as examined by Oh and coworkers (2014) (see Fig. 1A for a visual representation of the included regions), resulting in neuron information for seven brain regions (mean/SD: 58/58 [range: 1-167] recordings per cortical area): AON (anterior olfactory nucleus); BLA (basolateral amygdala); CA1 and CA3 of the hippocampus; MOs (secondary motor cortex); SSP-bfd (barrel field of the primary sensory cortex); and VISp (primary visual cortex). Supplementary Table S3 describes the data of the individual experiments, their original reported cortical site and layer (as present in the NeuroMorpho.org database), and their mapping to the regions of the Allen Mouse Brain Atlas.
Macroscale connectome data
Human connectome. Data on macroscale connectivity of the human brain were derived from the high-resolution diffusion weighted imaging (DWI) data from the Human Connectome Project (Van Essen et al., 2013) , including data of 215 subjects (Q3 release, voxel size 1.25 mm isotropic, TR/TE 5520/89.5 msec, 3 · 90 diffusion directions with diffusion weighting 1000, 2000, and 3000 sec/mm 2 ). Preprocessing involved correction for eddy current and susceptibility distortions and realignment of the diffusion-weighted and B = 0 images . Next, for each individual data set, white matter, gray matter, and cortical spinal fluid classification was performed based on the T1 anatomical image (Q3, voxel size 0.7 mm isotropic) using FreeSurfer (Fischl and Dale, 2000) , followed by a three-dimensional (3D) reconstruction of the cortical mantle and parcellation of the cortex into 114 distinct cortical areas (57 unique regions per hemisphere) using a subdivision of FreeSurfer's Desikan-Killiany atlas (Cammoun et al., 2012; Desikan et al., 2006; Scholtens et al., 2015) . This resulted in 57 cortical areas to which the reported cortical regions of the NeuroMorpho.org data set were mapped (Fig. 1A) . Subsequently, for each voxel, the diffusion profile was computed by means of generalized q-sampling imaging, allowing for the reconstruction of complex fiber configurations (e.g., crossing fibers) Yeh et al., 2010) .
Streamline tractography was used to reconstruct white matter pathways, starting a streamline in each white matter voxel, following the best matching diffusion direction from voxel to voxel. A streamline was stopped when it exited the brain tissue mask, made a sharp turn of 45°or more, or reached a voxel with a low fractional anisotropy (a threshold of 0.1 was used). Combination of the 114 parcellated cortical regions and the tractography streamlines resulted in the formation of a weighted structural connectivity (SC) matrix of size N · N by selecting the subsets of reconstructed tractography streamlines that touched both regions i and j, for all pairs (i, j) of the N = 114 cortical regions. To reduce potential false positive reconstructions, pathways consisting of >5 streamlines were included for further analysis (Verstraete et al., 2014) . Next, the resulting individual connectivity matrices of the 215 subjects were combined into a groupaveraged SC matrix (Fig. 1B) by taking the nonzero mean of the individual matrices, including a region-to-region connection when a pathway was found in at least 71 of the 215 subjects (i.e., 33%) (de Reus and van den Heuvel, 2013a; Verstraete et al., 2014) .
Graph theoretical analysis was used to compute the number of pathways (in DWI, due to the absence of information on projection directionality, data on efferent and afferent pathways were combined) of each of the cortical areas, reflecting a region's network degree. To match the single hemisphere data sets of the mouse and rat connectome (see Rat Connectome and Mouse Connectome sections), nodal degree values of regions from the left hemisphere were used for further analysis. [Taking nodal degree data from the right hemisphere revealed similar findings].
Rat connectome. Data on macroscale connectivity of the rat brain were taken from the recent rat connectome mapping of the BAMS-II database by Swanson and Bota and colleagues, providing a comprehensive collation of data from multiple tract-tracing experiments in the rat brain. The unique detailed BAMS-II database of Swanson and Bota [http://brancusi1.usc.edu/connectome/; (Bota and Swanson, 2007; Bota et al., 2015) ] describes macroscale connectivity between 67 regions of the rat brain [described and analyzed in Bota et al. (2015) ]. For 1662 region pairs (37.6% of total number of pairs), information on the nonexistence, existence, and/or strength (1424 of 1487 projections) of region-toregion macroscale pathways is present. In total, these data describe a single hemisphere connectome of 67 regions and 1487 pathways, represented as a directed 67 · 67 connectivity matrix. Region pairs for which no information on connectivity was present (i.e., NaNs in the matrix) were taken as nonconnected regions (i.e., represented as a 0) (Bota et al., 2015; van den Heuvel et al., 2015c) , resulting in a connectivity matrix with a density of 31.6% (Fig. 1B) . For each of the cortical regions of the rat brain, the network degree was computed as the total number of efferent or afferent pathways of a cortical area.
SCHOLTENS ET AL.
Mouse connectome. Data on macroscale connectivity of the mouse brain were taken from the recently mapped mesoscale mouse connectome from the Allen Institute for Brain Science [as published by http://connectivity.brainmap.org (Oh et al., 2014) ]. This detailed connectome data set comprises a fully mapped mesoscale connectome of 213 regions describing a single hemisphere of the full mouse brain, including an initial weighted and directed connectivity matrix of 213 regions with 16,954 interareal pathways and 37.5% density. To eliminate very weak projections [reflecting potential false positive mappings, as reported by the curators of this connectome data set (Oh et al., 2014) ], a strength threshold of 0.75 (other thresholds, e.g., 0.05-0.1, revealed similar findings) was applied, resulting in a directed connectivity matrix of 3433 pathways and 7.6% density (depicted in Fig. 1B) . Next, for each of the cortical and subcortical areas, the network degree was computed, taken as the total number of efferent and afferent pathways of each area.
Cross-scale analysis
For all three data sets (i.e., human, rat, and mouse), data on regional microscale neuron morphology (describing 13 micrometrics, of in total 10 cortical regions for the human data set, 9 for the rat, and 7 regions for the mouse brain) were examined in the context of levels of regional variation in macroscale connectivity (i.e., nodal network degree) by means of Pearson's correlation analyses. Per species data set, correction for multiple testing (3 primary metrics and 10 secondary metrics = 13 micro-macro correlations assessed per data set) was performed by computing the actual number of independent tests performed through principal component analysis (PCA) . Per data set, a PCA was performed on the microscale data, determining the number of principal components that explained >95% of the variance in the data. In all three data sets, this resulted in two components. Next, using the extracted components, a partial Bonferroni alpha of 0.05/2 = 0.025 was computed for each data set, and effects reaching this partial Bonferroni alpha were taken as significant.
Results
Micro-macro correlations
Human. In the human data set, regional variation in soma surface (r = 0.7706, p = 0.0091) (Fig. 2) and total neuron length (r = 0.7015, p = 0.0238) were significantly correlated with regional variation in number of reconstructed white matter pathways (macroscale degree), with regions displaying a dense macroscale connectivity profile overlapping with those cortical areas showing larger neurons. No clear associations were observed between macroscale degree and dendritic branching ( p = 0.2290; Supplementary Fig. S4 ).
Rat. Validating human findings, cortical variation in soma surface was found to be significantly associated with regional variation in the number of efferent macroscale pathways (i.e., out-degree, r = 0.8102, p = 0.0045; Fig. 2 ). This effect was observed to be the strongest for out-degree, with no such effect observed for in-degree ( p = 0.1864; Supplementary Fig. S4 ).
Mouse. Cross-scale analysis in the mouse revealed a trendlevel relationship of microscale soma surface (r = 0.7794, p = 0.0388; Fig. 2 ). In addition, within the set of remaining metrics, a significant relationship was observed between out-degree and total neuron volume (r = 0.8754, p = 0.0059; Supplementary Fig. S4 ). Similar as in the rat data set, no correlations were observed with network in-degree (i.e., the number of afferent projections of a cortical area) (Supplementary Fig. S4 ).
Discussion
Cross-scale analysis across three data sets on collated neuron morphology and mesoscale and macroscale connectivity provides further evidence that aspects of neural connectivity across different scales of mammalian cortical organization are related. Recent findings of an association between microscale and macroscale features of brain connectivity in the cat, macaque, and human cortex include observations of a predictive role of cytoarchitectonic classes on the existence of corticocortical axonal pathways (Barbas, 2015; Beul et al., 2015; Hilgetag and Grant, 2010) , as well as an association FIG. 2. Panels show cross-scale correlation plots of regional variation in neuron morphology and macroscale connectivity. Left panel shows the association between regional variation in neuron soma surface and macroscale connectivity in the human data set (correlation over 10 cortical regions of which data in the NeuroMorpho.org database were present). Middle panel shows the association between regional variation in total soma surface and number of efferent pathways (i.e., network out-degree) in the rat brain. Right panel shows the association between regional variation in soma surface and number of efferent pathways (out-degree) in the mouse data set. Color images available online at www.liebertpub.com/brain between macroscale connectivity and layer 3 pyramidal complexity of macaque and human cortical areas (van den Heuvel et al., 2015c (van den Heuvel et al., , 2016b . Our findings also confer on recent observations showing granular structure of the cortex to be related to the level of between-network functional connectivity (Wylie et al., 2015) . We now further extend findings to the rodent brain, providing evidence of a micro-macro association in two of the most highly detailed tract-tracing connectome mappings present for mammalian species. Findings in the human, mouse, and rat converge on an association and potential interplay between architectonic features of neural connectivity at the microscale and macroscale of brain organization in mammalian neural systems.
What may be the etiology of such a potential micro-macro relationship? We note that our observations-and those of the mentioned previous studies-are inferential of nature, meaning that they show a correlation between microscale and macroscale metrics of brain organization. Such correlation analyses cannot answer the important question of whether one effect is driving the other. Whether neuronal morphological or cytoarchitectonic structure allows for the existence of largescale macroscale pathways and connectivity profiles, or whether the cytoarchitectonic organization of a cortical region is shaped by the amount and type of neural information from large-scale macroscale axonal projections remains unknown.
Cortical development may form a strong influential factor on this relationship, with both organizational scales of connectivity simultaneously shaped by developmental processes. Postmortem observations in young developing animals have suggested initial widespread axonal growth followed by a long period of pruning and local specialization of long-range axonal projections (Innocenti and Price, 2005; LaMantia and Rakic, 1994; Price and Ferrer, 1993) , thus suggesting a potential interaction between local neuronal activation and the formation and tuning of interareal communication patterns (Innocenti and Price, 2005) . As such, with a reductionist view, one could argue that processes of dendritic specialization and synaptic pruning may lead to the formation and pruning of long-range axonal pathways that connect to these pruned synapses. Vice versa, variation in axonal pathways of cortical regions has also been suggested to have direct consequences for regional differentiation in cytoarchitecture (Kaas et al., 2002) , from which one could speculate on the notion of macroscale anatomical and functional patterns to play a role in developmental patterns in the formation, growth, and pruning of dendritic branches and synapses.
Examination of macaque developmental gene expression and cytoarchitecture showed a late formation of adult-like cortical regional and laminar molecular phenotypes, pointing toward an important role of functional cell-cell interaction in forming mature cellular phenotypes (Bakken et al., 2016) . From the presented micro-macro findings, we speculate on a similar-and intertwined-developmental pattern of macroscale connectivity. Indeed, in humans, studies have shown clear developmental change of large-scale patterns of anatomical and functional connectivity (Betzel et al., 2014; Dosenbach et al., 2010; Fair et al., 2008 Fair et al., , 2009 Hagmann et al., 2010; van den Heuvel et al., 2015b) . Furthermore, previous observations have shown differential developmental time windows between cortical regions on both the microscale [e.g., cellular proliferation, migration, and elimination (Dombrowski et al., 2001) ] and the macroscale [e.g., myelination of large axonal pathways as observed by Flechsig (1920) ], suggesting that the timing of the different interacting processes may serve as an important modulator in establishing the observed adult region-wise micro-macro associations. Future studies examining how (the timing of) developmental changes at the microscale level relate to developmental changes at the macroscale level are, therefore, of high interest.
Studies have reported both overlap (e.g., Brodmann, 1909; Campbell, 1905; Goulas et al., 2014) and cross-species differences in pyramidal and cytoarchitectonic organization of cortical regions (Elston et al., 2001 (Elston et al., , 2011 and macroscopic connectome formation (Li et al., 2013; Miranda-Dominguez et al., 2014) . Contrasts in pyramidal complexity between unimodal and multimodal association cortex have been suggested to be significantly different across primate species, arguing for both an absolute and a relative increase in neuronal size and complexity of pyramidal neurons from unimodal regions to higher order association cortex in humans as compared with primates (Elston et al., 2001 (Elston et al., , 2011 .
Interestingly, in parallel, studies examining cross-species differences in macroscale connectivity of cortical areas have shown evidence of frontal cortical areas to display differences in macroscale connectivity patterns from primates to humans (Sallet et al., 2013) . The frontal cortex is among those brain regions showing the largest evolutionary differences in developmental timing, with an extended developmental period in humans compared with other primates on both the microscale [e.g., synaptogenesis (Petanjek et al., 2011) ] and the macroscale [e.g., myelination (Miller et al., 2012) ]. Future studies could examine whether, and if so how, such cross-species differences in microscale and macroscale connectivity are related.
Several points need to be taken into account when interpreting the reported findings. First, as a direct result of our study design, our examination is limited by the range of microscale data (and, in particular, the number of areas) available in the NeuroMorpho.org database, which can lead to inflated correlation values (Yarkoni, 2009) . Second, the currently included set of microscale data gives detailed information on proximal neuron morphology, including soma and dendritic branching, but does not provide information on axonal measurements (e.g., axon length and axon volume). Soma sizethe microscale measure most strongly related to macroscale connectivity in the current comparison-has been reported to be related both with larger basal dendritic tree length (for ingoing connections) ( Jacobs et al., 2001 ) and with larger axon caliber (out-going connections) (Sloper and Powell, 1979) . Given the observed association between soma size and outdegree, future micro-macro comparisons including data on axon morphology could be of interest in further exploring the relationship between microscale neuron morphology and macroscale in-degree and out-degree. Third, it should be noted that the examined microscale data involves a collation of data across multiple experiments and across different studies of different groups, thus involving a collation of data acquired across multiple research conditions, study designs, specimens with varying age and gender, varying mouse/rat strains, and data obtained across different measurement methodologies. Different staining methods have, for example, different sensitivity profiles, potentially leading to subjective measurements across research groups. To overcome these differences, the NeuroMorpho.org database contains detailed information on the original source and applied experimental procedures and, importantly, includes standardized 3D reconstructions of the individual neurons examined in the reported studies, which allows for a standardized extraction of morphological metrics. Fourth, even though the mouse and rat connectome data sets contain highly detailed information on mesoscale connectivity, the included connectome data sets are formed by collating data from a large number of specimens (Bota et al., 2015; Oh et al., 2014) , involving a group-averaged consensus connectome map (de Reus and van den Heuvel, 2013a) . Concerning the reconstructed human connectome map, diffusion weighted magnetic resonance imaging (MRI) depends on the estimation of the diffusion profile of water molecules and thus involves an indirect measurement of axonal pathways. As a result, diffusion MRI is known to include several limitations and caveats, with, in particular, a difficulty in resolving pathway orientation in white matter areas with complex fiber architecture, leading to argued over-and underestimations of classes of white matter pathways ( Jones, 2008; van den Heuvel et al., 2015a) . As a fifth remark, we once again stress that our study involves a meta-regression type of analysis in which data of several histology reports and data on tract reconstruction of multiple specimens are collated into one single data set. The microscale and macroscale data are thus acquired across different specimens and we note that this means that we could only examine variation across different areas of the cortex, but not across individual specimens. A data set including data on more comprehensive or even cortex-wide microscale and macroscale connectivity of single specimens, including information on for instance axon size, gene expression, and spine density, would allow for a much more detailed examination. Integration of data on resting-state functional connectivity or dynamics [reported to be related to in-degree in the tract-tracing structural mouse connectome (Sethi et al., 2017) ] could be of additional interest in forming a more complete multiscale connectome framework. Such multiscale and multimodal studies would allow for the examination of influences of external factors on a micro-macro interplay of connectivity and as such could provide new insights into how brain properties such as learning or complex cognitive behavior can emerge from the smallest and largest aspects of neural organization.
Our findings across the human, rat, and mouse cortex provide converging evidence for a relationship between aspects of neural organization at the smallest and largest organizational scales of the mammalian brain. With many neurological and psychiatric brain disorders showing alterations in neural connectivity and disrupted connectome formation at both the microscale and macroscale level of brain organization, studying this micro-macro interplay may help to better comprehend underlying disease mechanisms of neurodegenerative and neurodevelopmental brain disorders (van den Heuvel et al., 2016b) .
